Prior studies have shown that exposure to carbon monoxide (CO) will elevate the steady-state concentration of nitric oxide ( ⅐ NO) in several cell types and body organs and that some toxic effects of CO are directed toward endothelial cells. Studies reported in this paper were conducted with bovine pulmonary artery endothelial cells exposed to 10 to 100 ppm CO to achieve concentrations between 11 and 110 nM in air-saturated buffer. Exposure to 11 nM CO increased synthesis of manganous superoxide dismutase and conferred resistance against the lethal effects of 110 nM CO. At concentrations of 88 nM CO or more, exposures for 1 h or longer caused cell death that became apparent 18 h after the exposure ceased. Caspase-1 was activated in response to CO, and cell death was inhibited by a caspase-1 inhibitor. Alteration of proteolytic pathways by CO was indicated by the presence of ubiquitincontaining intracellular inclusion bodies. Morphological changes and caspase activation indicated that cell death was an apoptotic process. Cells exposed to 110 nM CO had higher concentrations of manganous superoxide dismutase and heme oxygenase-1 but no changes in glutathione peroxidase, glucose-6-phosphate dehydrogenase, thiols, or catalase. Elevated levels of antioxidant enzymes and apoptosis were inhibited by the nitric oxide synthase inhibitor, S-isopropylisothiourea, and the peroxynitrite scavenger, selenomethionine. These results show that biochemical effects of CO occur at environmentally relevant concentrations, that apoptotic cell death follows exposure to relatively high concentrations of CO, and that these actions of CO are mediated by nitric oxide. C arbon monoxide (CO) is a ubiquitous environmental pollutant. The National Ambient Air Quality Standards in the United States for CO have been set at 35 ppm for a 1-h average exposure, and 9 ppm for an 8-h average exposure. Concentrations of CO found in urban environments have been correlated with hospital admissions, mortality, and morbidity caused by cardiovascular and pulmonary diseases (1-8). Average CO concentrations have been found to be 1-9 ppm, but there are many occupational settings where exposures exceed these levels (9-17). The carboxyhemoglobin values associated with levels of CO typically found in the environment are so low that a direct hypoxic stress is doubtful and compensatory responses are sufficient to maintain tissue oxygenation (18-21). Therefore, the pathophysiological basis for toxic effects of low concentrations of CO is not clear.
C
arbon monoxide (CO) is a ubiquitous environmental pollutant. The National Ambient Air Quality Standards in the United States for CO have been set at 35 ppm for a 1-h average exposure, and 9 ppm for an 8-h average exposure. Concentrations of CO found in urban environments have been correlated with hospital admissions, mortality, and morbidity caused by cardiovascular and pulmonary diseases (1) (2) (3) (4) (5) (6) (7) (8) . Average CO concentrations have been found to be 1-9 ppm, but there are many occupational settings where exposures exceed these levels (9) (10) (11) (12) (13) (14) (15) (16) (17) . The carboxyhemoglobin values associated with levels of CO typically found in the environment are so low that a direct hypoxic stress is doubtful and compensatory responses are sufficient to maintain tissue oxygenation (18) (19) (20) (21) . Therefore, the pathophysiological basis for toxic effects of low concentrations of CO is not clear.
The goal of the current investigation was to evaluate the mechanism for cell death and manifestations of oxidative stress in cultured endothelial cells exposed to CO. Studies in humans have suggested that CO exposures will cause vascular and perivascular abnormalities (22) (23) (24) (25) ; these suggestions increase interest regarding the effects of CO on endothelial cells. Our previous work with experimental animals has shown that CO has a number of effects on the vasculature. Nitrotyrosine is a major product when peroxynitrite reacts with proteins, and CO exposure will enhance formation of nitrotyrosine in endothelium of lung, aorta, and brain (26) (27) (28) . CO also triggers a capillary leak and enhances leukocyte sequestration (26) (27) (28) . All the CO-associated effects can be inhibited if synthesis of the free radical nitric oxide ( ⅐ NO) is inhibited. Results from electron paramagnetic resonance spectroscopy indicate that CO elevates the concentration of ⅐ NO in lung and brain (26, 27) . Endothelial cells and platelets exposed to CO in vitro have elevations in the steady-state concentration of ⅐ NO. This effect can be reversed by exposure to light, and CO does not increase ⅐ NO synthase activity, increase production of reduced oxygen species, or inhibit oxygen consumption (29) (30) (31) . We hypothesize that CO disturbs the intracellular control of ⅐ NO concentration by reducing the availability in unliganded or ''free'' endogenous hemoproteins. The elevation in steady-state ⅐ NO concentration caused by exposure to CO leads to production of toxic ⅐ NO-derived oxidants as assessed by measurements of nitrotyrosine and extracellular oxidation of para-hydroxyphenylacetic acid (26) (27) (28) (29) (30) (31) .
In previous studies with cultured bovine pulmonary artery endothelial cells (BPAEC), we demonstrated that CO caused cells to die in a delayed fashion by an ⅐ NO-dependent process (29, 31) . One of the common pathways associated with delayed cell death is activation of caspases, a family of cysteine-aspartate proteases (32) (33) (34) . Typically, cytotoxic stimuli activate caspase-1 and caspase-3 sequentially, although alternative pathways have been described (34) (35) (36) (37) . We sought the role of caspases in CO-exposed cell death and also investigated the induction of antioxidant enzymes, which have been found to play a role in some programmed death processes (38) . 110 nM. The desired concentration of CO for each study was achieved by using published methods (29) . At the start of the experiment, the growth medium was replaced with either air-or air plus CO-equilibrated Krebs buffer; the small gas space above the buffer was flushed with the appropriate gas mixture; and the cells were incubated at 37°C.
Ethidium Homodimer-1 Uptake. After cells were incubated with Krebs buffer containing the desired concentration of CO, buffer was replaced with fresh medium equilibrated with air and 5% CO 2 that contained 15 nM ethidium homodimer-1 (Molecular Probes). The cells were placed in a 37°C incubator and examined at intervals under a Nikon Diaphot-TND epifluorescence inverted microscope. Ethidium uptake was quantified in cells incubated for 18 h after CO exposure. The overlying medium was removed; cells were washed twice with PBS, removed from the plastic plates with a solution of 0.05% (wt͞vol) trypsin and 0.2% (wt͞vol) EDTA, counted in a phase-contrast microscope, and sonicated twice for 30 s on ice with a Heat Systems-Ultrasonics sonicator (model W220-F) at setting 6. The cell lysate was centrifuged at 1,000 ϫ g for 10 min. Fluorescence was measured in a Perkin-Elmer LS 50 B fluorometer, and the results were expressed as relative fluorescence units per 1 ϫ 10 4 endothelial cells.
The ability of a brief exposure to CO to render cells tolerant to toxic effects of CO was assessed by incubating cells for 40 min with Krebs buffer equilibrated with air͞CO 2 or to air͞CO 2 plus 10 ppm CO (11 nM). After this exposure, cells were incubated with standard air-equilibrated growth medium for 3 h and then for 2 h with Krebs buffer equilibrated with air͞CO 2 or air͞CO 2 and 110 nM CO. After this procedure, cells were incubated for 18 h with standard growth medium plus ethidium, and then ethidium uptake was measured as described above. Caspase Activities. Assays for caspase activities were performed in 50 mM Tris⅐HCl (pH 7.4) containing 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 3 mM dithioerythritol, and either 50 M fluorescent substrate for caspase-1 (acetyl-Tyr-Val-Ala-Asp-amino-4-methyl coumarin) or a substrate for caspase-3 (acetyl-Asp-Glu-Val-Aspamino-4-methylcoumarin). Cell lysates were added to the solution (50 g of cell protein), and fluorescence was monitored by using an excitation wavelength of 380 nm, an emission wavelength of 460 nm, and a 10-nm slit in a Perkin-Elmer LS 50 B fluorometer. Caspase-1 activity was taken as the difference in rate of change of the fluorescence signal in solutions with acetyl-Tyr-Val-Ala-Aspamino-4-methyl coumarin incubated in the absence versus the presence of 500 M acetyl-Tyr-Val-Ala-Asp-chloromethylketone, a specific inhibitor of caspase-1.
Antioxidant Defenses in BPAEC. Endothelial cells were exposed for 40 min to Krebs buffer saturated with air͞5% CO 2 or air͞CO 2 plus 10 or 100 ppm CO (11 to 110 nM). After incubation with standard growth medium for 3 h, cells were lysed, and cell debris was separated from lysate solution by centrifugation at 12,000 ϫ g for 10 min. For assays of HO activity, cells were lysed in 100 mM potassium phosphate (pH 7.4) containing 2 mM MgCl 2 . The assay was performed on a microwell plate by adding aliquots of lysate to achieve a final volume of 200 l of 100 mM potassium phosphate (pH 7.4) that contained 2 mM MgCl 2 , 200 M glucose-6 phosphate, 160 M NADPH, 0.2 units glucose-6-phosphate dehydrogenase, 40 M hemin, and 0.3 mg of protein from rat liver cytosol. Liver cytosolic protein was prepared by homogenizing Wistar rat liver in 4 ml of PBS per g of liver, then centrifuging the homogenate at 755 ϫ g for 10 min, and centrifuging the supernatant at 8,700 ϫ g for 10 min and then at 105,000 ϫ g for 45 min. The rate of bilirubin formation was measured while samples were incubated at 37°C by using a wavelength of 464 nm in a plate reader. Because there was always a background rate of rise in 464-nm absorbance in the multicomponent suspension, the activity related to HO was taken as the difference in rate between samples incubated in the absence versus presence of 50 M tin protoporphyrin IX, an inhibitor of HO activity.
Assays of SOD were performed with cell lysates prepared in 50 mM potassium phosphate (pH 7.8) containing 1 mM diethylenetriamine pentaacetic acid, 50 M bathocuproine sulfonate, 1 unit of catalase, and 0.13 mg͞ml BSA according to methods described by Spitz and Oberley (39) . Reduction in optical density of 28 mM nitroblue tetrazolium was monitored at 560 nm in lysis buffer containing 0.5 mM xanthine and sufficient xanthine oxidase to yield a rate of reduction in the absence of cell lysate of 0.02 OD units͞min. The contributions of manganous SOD (MnSOD) versus copper-zinc SOD (CuZn SOD) were determined by running assays at pH 7.8 in the absence and presence of 5 mM NaCN and also at pH 10.0.
Glutathione peroxidase and catalase assays were performed after cells were lysed in 50 mM potassium phosphate (pH 7.4) with 1 mM diethylenetriamine pentaacetic acid and in 50 mM potassium phosphate (pH 7.6) with 0.5 mM MgCl 2 for the glucose-6-phosphate dehydrogenase assays. Glutathione peroxidase was assessed as the rate of oxidation of 1 mM NADPH ( m at 340 nm ϭ 6.22 ϫ 10 Ϫ6 M Ϫ1 ⅐cm
Ϫ1
) in lysis buffer containing 1 mM glutathione, 1.4 units glutathione reductase, and 1 mM H 2 O 2 . Catalase was measured by adding cell lysate (Ϸ40 g of cell protein) to lysis buffer containing 10 mM H 2 O 2 , and the rate of H 2 O 2 disappearance was assessed with a spectrophotometer set at 240 nm. Glucose-6-phosphate dehydrogenase was assayed as described by Monaco et al. (40) by monitoring formation of NADPH in lysis buffer after subtracting the activity associated with 6-phosphogluconate dehydrogenase.
Reduced sulfhydryls were assayed in cells lysed by sonication in 50 mM potassium phosphate (pH 7.4) with 1 mM diethylenetriamine pentaacetic acid as described above. Lysate aliquots were incubated in 100 mM potassium phosphate (pH 8.1) with 70 M 5,5Ј-dithio-bis(2)-nitrobenzoic acid. Reduced sulfhydryls were assayed by measuring the optical density of the solution at 412 nm. A standard curve was generated by using cysteine.
Microscopic Imaging. Cells were exposed for 2 h in buffer preequilibrated with air͞CO 2 or air͞CO 2 plus 110 nM CO, as was done for the ethidium-uptake studies. The buffer was removed and replaced with growth medium that had been equilibrated with air͞5% CO 2 , and the cells were incubated at 37°C for 2 h. Medium was removed, and cells were fixed for imaging as follows.
For electron microscopy studies, cells were washed twice in 0.1 M sodium cacodylate (pH 7.3) and fixed for 1 h in an ice cold solution of 2.5% (wt͞vol) glutaraldehyde in 0.1 M sodium cacodylate (pH 7.3). Cells were scraped from the plastic dishes, washed at 4°C for 1 h in buffer, and centrifuged at 1,000 ϫ g for 10 min. Cells were postfixed in a solution of 2% (wt͞vol) osmium tetroxide in 0.1 M sodium cacodylate buffer at 4°C for 1 h, rinsed, and dehydrated by using graded acetone solutions [30%, 50%, 70%, 95%, and finally 100% (vol͞vol)] with changes occurring every 20 min. Cells were embedded in Polybed 812 epoxy resin, sectioned, and imaged by using a Jeol JEM-100 CX electron microscope.
Fluorescence microscopy for ubiquitin was performed on cells washed with PBS, and cells were fixed with 80% (vol͞vol) methanol for 10 min and placed onto poly-L-lysine-coated glass slides. Samples were incubated for 30 min in PBS containing 0.3% (vol͞vol) Triton X-100, 5% (wt͞vol) fatty acid-free BSA, and 10% (vol͞vol) normal goat serum. Slides were washed in PBS containing 0.3% (vol͞vol) Triton X-100 and incubated for 3 h in a 1:500 dilution of mouse anti-ubiquitin antibody from Biomol (Plymouth Meeting, PA). After washing for 5 min, slides were stained for 1 h with a 1:2,000 dilution of anti-mouse IgG conjugated with Cy3, washed, dried, coverslipped, and examined with a Nikon Diaphot-TND epifluorescence inverted microscope.
Western Blot Analysis. Western analysis was performed on cell lysates diluted to a concentration of 100 g of protein͞10 l in 0.1 M PBS containing 2% (vol͞vol) SDS, 10% (vol͞vol) glycerol, 5% (vol͞vol) ␤-mercaptoethanol, and 0.00125% bromophenol blue, and cell lysates were boiled for 5 min. Cell protein (100 g) subjected to SDS͞12% PAGE was transferred to 0.45 m poly(vinylidene difluoride) membrane (Bio-Rad) and incubated for 2 h with PBS containing 0.1% Tween 20 and 5% (vol͞vol) nonfat dry milk and then for 2 h with either rabbit anti-HO-1 or anti-HO-2 antiserum (1:1,000 dilution). Membranes were washed and incubated with horseradish peroxidase-conjugated anti-rabbit IgG (1:3,000 dilution from Roche Molecular Biochemicals); imaging was carried out by enhanced chemiluminescence with enhanced chemiluminescence reagents and procedures obtained from Amersham Pharmacia on Kodak Reflection Film. The film was developed and scanned on a Microtek Scanmaker E6 (Redondo Beach, CA) with a transparency adaptor and analyzed with SIGMASCAN (Jandel, Chicago).
Statistical Methods. Statistical significance was determined by ANOVA followed by Scheffe's test. The level of significance was taken as P Ͻ 0.05. Results are expressed as means Ϯ SEM.
Results
Ethidium Homodimer-1 Uptake. Uptake of the vital stain, ethidium homodimer-1, was used to assess the delayed lethality of various CO exposures. As in previous investigations (29, 31), we observed no acute death in cells, but ethidium uptake was significantly increased 18 h after cells had been exposed to buffer equilibrated with 100 ppm CO (110 nM CO) for 2 h (see Experimental Procedures for exposure details). The mean ethidium uptake in control cultures was 0.31 Ϯ 0.02 arbitrary fluorescent units per 1 ϫ 10 4 cells (n ϭ 38), and in CO-exposed cells, it was 0.52 Ϯ 0.04 per 1 ϫ 10 4 cells (n ϭ 48; P Ͻ 0.001). To assess the impact of interventions over the course of the investigation, differences in ethidium uptake were compared against control samples included with each experiment. Therefore, results are expressed as the difference from control throughout this paper.
We first assessed the impact of duration of the CO exposure on delayed death. Cells were exposed to buffer that contained 110 nM CO for 20 min to 2 h. The magnitude of cell death, quantified by the fluorescence in cells 18 h later, was significantly increased when cells were exposed to CO for 60 or 120 min (Fig.   1 ). Ethidium uptake was also significantly increased when cells were exposed for 2 h to 88 nM CO but not when lower CO concentrations were used (Fig. 2) .
Several agents were found to inhibit CO-mediated killing if cells were incubated with the agent for 2 h preceding CO exposure (Fig. 3) . Protective effects were observed with 100 M SIITU, a potent competitive inhibitor of endothelial NO synthase activity (41); with 50 M propyl gallate, an antioxidant; and with 30 M selenomethionine. Selenomethionine is an agent reported to be effective for inhibiting reactions mediated by peroxynitrite (42) . The three inhibitors of CO-mediated death had no significant effect on control cells (Fig. 3) .
Morphological Changes in BPAEC Induced by CO Exposure. Cells were exposed for 2 h to buffer equilibrated with either air͞CO 2 or air͞CO 2 plus 110 nM CO and then fixed after a 2-h incubation with standard growth medium (see Experimental Procedures). There were three major differences in the appearance of COexposed versus control cells. CO-exposed cells had granular and condensed chromatin; there were markedly fewer mitochondria; and numerous inclusion bodies were present throughout the cytoplasm (Fig. 4) . We speculated that these inclusion bodies may have some relation to alteration of proteolytic processing by CO. Therefore, cells were fixed and stained with antibodies against ubiquitin. As shown in Fig. 5 , a distinct perinuclear pattern of fluorescence was visualized in CO-exposed cells, whereas no staining was observed in control cells. Caspase Involvement in CO-Mediated Cell Death. The cell death process triggered by CO exposure was inhibited when cells were incubated in the presence of cycloheximide (Fig. 3) . Synthesis of a proapoptotic protein seemed likely, consistent with a role for one or more caspases. Cells were protected by acetyl-Tyr-ValAla-Asp-chloromethylketone, a specific inhibitor of caspase-1. If cells were incubated with 100 M acetyl-Tyr-Val-Ala-Aspchloromethylketone for 2 h preceding CO exposure until the end of a 2-h incubation with buffer containing 110 nM CO, ethidium uptake was 1.03 Ϯ 0.09 (n ϭ 7) times that of control. In contrast, when cells were incubated under exactly the same circumstances but with an inhibitor of caspase-3, acetyl-Asp-Glu-Val-Aspchloromethylketone, no protection was observed (fluorescence 1.54 Ϯ 0.11; n ϭ 5; times control; P Ͻ 0.05, ANOVA). Neither caspase inhibitor had an effect on viability of air-exposed, control cells (data not shown). Lysates from CO-exposed cells had significantly increased caspase-1 activity compared with control (Fig. 6) . Moreover, if cells were incubated with the NO synthase inhibitor SIITU, exposure to CO failed to increase caspase-1 activity (Fig. 6) . No evidence of caspase-3 activity was found in cells exposed to CO or just to air. Tolerance to CO by Preexposure to Low CO Concentrations. Next, we examined whether cells could be rendered resistant to COmediated killing if they were first exposed to a nonlethal CO concentration. Exposure to buffer equilibrated with 11 nM CO for 40 min had no significant effect on ethidium uptake. The content in cells 18 h later was 0.31 Ϯ 0.04 fluorescent units (n ϭ 6; not significant versus control). Endothelial cells were preincubated for 40 min with buffer equilibrated with air͞5% CO 2 or air͞CO 2 plus 11 nM CO, and then cells were incubated for 3 h in complete growth medium equilibrated with air͞5% CO 2 . After this period, both cell groups were incubated for 2 h with buffer containing 110 nM CO. Ethidium uptake assessed 18 h later in cells preincubated with 11 nM CO was only 9 Ϯ 6% (n ϭ 6) greater than control (no significant difference), whereas in the cells preincubated with just air͞CO 2 , ethidium uptake was 34.8 Ϯ 4% (n ϭ 6) greater than control (P Ͻ 0.001). We conclude that exposure to a nonlethal concentration of CO conferred resistance to CO-mediated killing.
Selectivity of Selenomethionine for Peroxynitrite Versus
Antioxidant Levels in CO-Exposed Cells. We hypothesized that low concentrations of CO may cause nonlethal oxidative stress and thus induce antioxidant defenses in BPAEC. The content of several enzymes in cells was measured after incubation for 40 min in buffer containing only air͞CO 2 (0 nM CO) or air͞CO 2 plus 11 or 110 nM CO followed by incubation in standard growth medium for 3 h to allow for new protein synthesis. The activities of glutathione peroxidase, glucose-6-phosphate dehydrogenase, and catalase were not increased (Table 1) . However, exposure to CO caused significant increases MnSOD and HO-1 (Table 1) . CuZn SOD activity may have been present at a low concentration but not detected, because an enzyme activity assay was used. Exposure to 110 nM CO did not alter the concentration of reduced thiols in cells, as has been shown to occur with some forms of oxidative stress. The concentration in cells immediately after exposure for 40 min was 46.1 Ϯ 3.1 (n ϭ 4) mol͞mg cell protein, a value insignificantly different from cells exposed to air-equilibrated buffer, 36.6 Ϯ 2.3 (n ϭ 4) mol͞mg cell protein.
Consistent with this finding, incubation with 10 mM n-acetyl cysteine during or after CO exposure did not protect cells from death (data not shown).
Western blotting identified an increase in content of the inducible HO-1 enzyme to an amount proportional to the increase in activity. Exposure to CO did not change the content of HO-2, the constitutive enzyme form (data not shown). The CO-mediated elevations in MnSOD and HO-1 were inhibited if cells were incubated with either the NO synthase inhibitor, 100 M SIITU, or the peroxynitrite scavenger, 30 M selenomethionine (Fig. 8) . We conclude that induction of antioxidant enzymes in response to CO was mediated by ⅐ NO-derived oxidants.
Discussion
The results from this study show that concentrations of CO found in the environment cause endothelial cell oxidative stress responses and delayed death by an Values shown are means Ϯ SEM. * , P Ͻ 0.05. In prior studies, we found that 110 nM CO did not inhibit oxygen consumption or enhance production of reduced oxygen species, but ⅐ NO-derived oxidants were generated inside cells and also acted on extracellular targets (29) . These findings, along with the current observations of no change in reduced thiols, indicate that CO exerts an adverse effect that is independent of its propensity to impair oxygen delivery in vivo or oxygen metabolism. Cell death resulted from exposures of 1 h or more to CO concentrations of 88 nM or greater. In prior investigations, we have reported membrane blebs in CO-exposed cells (29, 31) , and in the current investigation, condensed chromatin was evident on electron micrographs. These morphological changes, as well as providing evidence of caspase-1 activation, lead to the conclusion that CO triggers apoptosis in BPAEC. Both ⅐ NO and peroxynitrite have been shown to cause apoptosis (48) (49) (50) (51) (52) . Protease activation was linked to delayed cell death by showing that a caspase-1 inhibitor prevented apoptosis. CO-exposed cells contained inclusion bodies with ubiquitindecorated material, indicating that CO alters proteolytic processing. The electron micrographs of CO-exposed cells showed numerous inclusion bodies, and these structures may contain the proteolytic products observed in the sections stained with anti-ubiquitin antibodies. Inclusion bodies could arise because of abnormal protein aggregation after oxidative or nitrative modification or because of impaired or overwhelmed proteolytic pathways.
The results from this investigation add information to animal studies that have shown that exposure to concentrations of CO from 50 to 1,000 ppm can injure the vasculature. Exposure to CO causes ⅐ NO-mediated oxidative stress to endothelium in the brain, aorta, lung, and skeletal muscle and release of glutathione from circulating erythrocytes (26) (27) (28) 53) . These CO-associated effects can be inhibited when animals are treated with N nitro-L-arginine methyl ester to inhibit ⅐ NO synthesis. In terms of an environmental focus, MnSOD synthesis after exposure for 1 h to 10 ppm CO indicates that an oxidative stress response is triggered within the current National Institute for Occupational Safety and Health standard. From a physiological perspective, 11 nM CO is probably only slightly greater than the in vivo CO concentration of some organs, although this concentration will depend on local blood flow. For example, liver parenchyma has been estimated to generate approximately 0.45 nmol CO per g of liver per min (54) . Additional investigations will be required to assess whether endothelial oxidative stress occurs in vivo in settings associated with excess endogenous CO production and whether the biochemical responses to environmental CO exposures have adaptive or pathological effects.
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